The identification of mutations in signal transduction pathways that are central in melanoma pathophysiology has provided new therapeutic targets for drug development. The purpose of this review is to define those oncogenes for which there are preclinical data supporting clinical trials and to summarize results from clinical investigations. Recent findings CKIT mutations were first reported in 2005 but are present in only a small subpopulation of melanoma patients. The validation of inhibitors developed in gastrointestinal stromal tumors has taken several years, but recent evidence suggests that responses can be seen in CKIT mutant melanoma. First reported in 2002, BRAF is mutated in 50% of all melanomas and subsets of other cancers. The melanoma field is leading the clinical trials evaluating the value of targeting BRAF and MEK in BRAF mutant tumors. Results from the first clinical trial with a potent and selective BRAF inhibitor clearly show the therapeutic promise of this approach. Summary Larger clinical trials are needed to fully define the efficacy of BRAF and CKIT-directed therapy in melanoma, but early results suggest that this strategy will transform treatment options. Additional potential targets have been identified, and clinical trials evaluating novel drugs against them are underway.
Introduction
The melanoma field has struggled to develop a therapy that is capable of altering the natural history of advanced disease. The same chemotherapies that are effective in numerous types of cancer are largely ineffective in melanoma [1] . Even immunotherapies fail to benefit more than a small subset of patients, though melanoma is thought to be uniquely susceptible to such treatments [2] . In the past decade, advances have been made in understanding the molecular basis of cancer, and several therapies have been developed that directly antagonize the mediators of cancer pathophysiology. A portfolio of pharmacologic inhibitors targeting several of the recently identified mutated signal transduction molecules is being explored in clinical trials in genetically defined subgroups of melanoma patients (Table 1 ). Early results suggest that this approach will change the paradigm for melanoma therapy.
KIT It has long been described that patients with melanomas that originate in acral, mucosal, or chronically sun-damaged skin have different clinical and histopathological features than patients with more common cutaneous melanomas arising on the remainder of the integument. More recently, differences in the patterns of chromosomal aberrations and mutation frequency in BRAF have supported that these types are biologically distinct [3] . Recently, activating mutations and/or gene amplification of KIT have been found in 39% of mucosal, 36% of acral, and 28% of melanomas that arise in chronically sun-damaged skin (defined by the presence of solar elastosis on pathology review) [4] . Mutations most commonly affect the juxtamembraneous region of the receptor, with L576P in exon 11 representing the most common alteration [5 ] . Many of the CKIT mutations found in melanoma are known oncogenic mutations observed in other cancer types and respond to tyrosine kinase inhibitors.
Activating KIT mutations have been demonstrated to initiate a series of signaling events that result in cellular proliferation and propagation of cancer [6] (Fig. 1) . Preclinical studies in vitro with cultured melanoma cells that possess a KIT mutation revealed potent effects for the tyrosine kinase inhibitor imatinib on proliferation, induction of apoptosis, as well as decreased mitogen activated kinase-like protein (MAPK), phosphoinositide-3-kinase (PI3K)/AKT, and putative streptothricin acetyltransferase (STAT) signaling [7 ] .
Prior to the identification of KIT mutations in melanoma, phase II studies [8, 9] of imatinib in patients with metastatic melanoma reported a lack of clinical benefit. Only since the discovery of KIT mutations and amplification in specific subsets of melanomas has rational targeting of KIT in these patients been investigated. To date, the clinical activity of imatinib in patients whose melanomas harbor KIT mutations has been described in a series of case reports [10, 11] . Although limited in numbers thus far, these clinical experiences confirm KIT as a melanoma therapeutic target, with patients experiencing dramatic and durable responses to treatment. Interestingly, even with limited clinical data, there is the suggestion that durability of clinical responses can be dose-dependent.
As the result of the discovery of KIT genomic aberrations in melanoma subtypes and initial clinical reports targeting KIT, several multicenter, phase II trials for the treatment of metastatic acral, mucosal, and chronically sun-damaged melanoma have been initiated. Such efforts include the evaluations of imatinib, sunitinib, nilotinib, and dasatanib in melanoma patients whose tumors harbor KIT genomic aberrations. It will be important in the near future to determine whether there exist differences in clinical efficacy amongst these agents, and furthermore whether the genomics of the tumor, as defined by activating KIT mutations alone versus amplification alone versus tumors with both mutations and amplification, influence the likelihood or durability of responses. One principle question that remains is whether tyrosine kinase inhibition of KIT can effectively target wild-type, amplified tumors in patients.
The search for resistance mechanisms to KIT inhibition is already an active area of investigations. Acquiring additional CKIT exon mutations is a common mechanism Mutation-driven drug development in melanoma Flaherty et al. 179 Phase
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Figure 1 Mutation and deletion in mitogen activated kinase-like protein, phosphoinositide-3-kinase and p16 pathways in melanoma
Colored circles, oncogenes; ovals, tumor suppressor genes. Mutation frequency in melanoma: red, >50% prevalence; blue, 20-50% prevalence; orange, <5% prevalence.
for treatment resistance in gastrointestinal stromal tumor (GIST) patients receiving a tyrosine kinase inhibitor. Whether such resistance mechanisms will hold true for KIT melanomas or whether alternative resistant mechanisms, such as KIT amplification or activation of additional signaling pathways, will emerge is yet to be determined.
NRAS
Mutations in NRAS were described long before activating mutations in other signal transduction molecules were found [12, 13] . In large series of melanomas analyzed for NRAS mutations, the frequency is approximately 20% [14, 15] . However, RAS remains an elusive target in cancer, with no drugs being available that can directly antagonize its signaling activity. Attempts have been made to inhibit activation of RAS by blockade of a key posttranslational modification required for membrane localization, farnesylation. However, the farnesylation transferase inhibitors that have been evaluated clinically produce dose-limiting toxicities without significant evidence of antitumor activity in tumors known to harbor RAS mutations. In melanoma, only a single such trial has been conducted and it was terminated for lack of efficacy in 11 patients with metastatic disease treated with singleagent therapy [16] . Notably, this small cohort of patients was not selected on the basis of NRAS mutations, and their mutation status was not even determined retrospectively. Lacking advances in the development of direct RAS inhibitors, it is hypothesized that targeting one or more of the downstream RAS-effector pathways might prove to be efficacious in this subset of patients ( Fig. 1 ). Preclinical evidence in KRAS mutant tumors suggests that dual targeting of the MAPK and PI3K pathways might abrogate the effect of RAS mutation [17] . However, this remains to be proven clinically.
BRAF
The discovery of activating mutations in BRAF generated hope that mutation-directed therapy might become a reality for the majority of melanoma patients ( Fig. 1) . Amongst a large series of tumors screened for the presence of BRAF mutations, melanoma was found to have the highest prevalence [18] . This finding was confirmed in subsequent series [19, 20] and found to primarily affect melanomas of younger individuals, originating on nonchronically sun-damaged skin [21] . As BRAF is a serinethreonine kinase, it was immediately plausible that an inhibitor could develop.
Sorafenib, a broad-spectrum kinase inhibitor, was originally selected for clinical development as a CRAF inhibitor and was known to have some activity against BRAF [22] . In preclinical studies, sorafenib demonstrated an ability to inhibit the MAPK pathway and proliferation in melanoma cells, but that activity was independent of BRAF mutations. Sorafenib proved to be disappointing in clinical trials, both as a single agent and in combination with chemotherapy [23, 24] . Investigations into the mechanism of action of sorafenib in melanoma patients suggested that an antiangiogenic effect was achieved but an incomplete inhibition of the MAPK pathway [25] .
Several years have passed between the identification of BRAF mutations and the development of potent and selective inhibitors of BRAF. However, the first selective BRAF inhibitor to enter clinical development, PLX4032, proved to have single-agent activity in patients with metastatic melanoma whose tumors harbored the most common BRAF mutation ( V600E BRAF) [26 ] . Throughout the phase I trial of this agent, patients with metastatic melanoma, and preferentially those with V600E BRAF mutations, were enrolled. Amongst the 16 patients with V600E BRAF mutant metastatic melanoma enrolled at the five highest dose cohorts, nine patients achieved objective responses. This provided clear evidence that even single-agent therapy against a mutated oncogene in melanoma could have a therapeutic value.
GNAQ
Although it has become clear that the prevalence of activating mutations in oncogenes varies widely based on the site of primary melanoma, it has been known for some time that the genomic alterations in uveal melanoma differ substantially from any other anatomic site of melanoma [27, 28] . Uveal melanomas lack mutations in CKIT, NRAS, and BRAF, but they uniquely harbor activating mutations in the a subunit of a G-protein of the Gq family, GNAQ. In melanoma, activated GNAQ results in MAPK pathway activation [29 ] . Melanoma cell lines that harbor GNAQ mutations are sensitive to MEK inhibition. MAPK pathway inhibition thus appears to be capable of inhibiting cell proliferation and inducing cell death and, thus, may be an effective therapeutic strategy for this subset of tumors. Clinical trials evaluating this hypothesis are just underway.
CDK4
Activating mutations and allelic amplification in CDK4 have been described in melanoma [3, 30] (Fig. 1) . However, the possibility that CDK4 represents a unique therapeutic target in melanoma has not been explored preclinically or clinically, despite the emergence of inhibitors of cyclin-dependent kinases, including some with relative selectivity for CDK4. More commonly than CDK4 genetic alteration, melanoma has been found to have a deletion of p16 or an amplification of cyclin D [3] . Neither of these alterations is amenable to direct pharmacologic targeting, but supports CDK4 inhibition as a strategy.
Erbb4
Genetic alterations in ERBB1 and ERBB2 are not found in melanoma, but there is evidence that signaling among ERBB family members is important in melanomagenesis and may serve as therapeutic targets [31, 32] . Given the prominent role of heterodimerization among ERBB receptors, it has been difficult to implicate the critical node of signaling in melanoma amongst these molecules. ERBB4 was recently found to harbor mutations in melanoma, having previously been described in small subsets of other cancers [33 ,34] . Mutations in ERBB4 were found in 19% of a cohort of 79 uncultured melanoma tumors [33 ] . Unlike BRAF, NRAS, and GNAQ, there was no mutation hotspot. Seven of the 24 different mutations identified were characterized for functional significance, and all but one appeared to be associated with hyperphosphorylation of ERRB4 and transformation of transfected fibroblasts. Furthermore, ERBB4-targeted short interfering ribonucleic acid (siRNA) inhibited growth of melanoma cell lines that harbored ERBB4 mutations. Although more work is needed to understand the relative importance of ERBB4 mutations in the context of other oncogenic events in the same cells, the availability of several 'pan-erb' receptor tyrosine kinase inhibitors in clinical trials for other cancers provides the possibility of rapid translation of this finding.
Loss of tumor suppressors as modifiers of response to mutation-directed therapy
Many of the key genetic alterations that facilitate melanoma, and more generally cancer formation, are loss-offunction mutations or allelic deletions of tumor suppressor genes. Although p53 is the quintessential tumor suppressor in cancer, being lost in approximately 50% of all tumors, it is infrequently mutated or deleted in melanoma [35] . But as the integrator of signals regarding DNA damage and metabolic stress, p53 function is clearly aberrant in melanoma [36] . The predominant genetic cause for this is mutation of p16 or p14, both of which are encoded for by INK4A/ARF (Fig. 1) . Mutations in this gene underlie the most highly penetrant form of familial melanoma described. Estimates of the frequency of these events in sporadic melanoma were likely inflated by studies focused on melanoma cell lines, owing to either inherent genetic instability once cells are cultured or the loss of p16 and p14 being selection factors for survival in vitro [37] . In uncultured tumors, it still appears that the majority of tumors have lost expression or function of either of these proteins due to deletion or mutation [38] .
Restoring the function of tumor suppressor genes is beyond the reach of current pharmaceutical technology. But targeting the interaction of Mdm2 with p53 appears to be a viable strategy in tumors in which p53 is present, such as melanoma [39] . Mdm2 is a negative regulator of p53, and thus, blocking the interface with p53 upregulates p53 activity. Mdm2 antagonists are nearing clinical evaluation, but have not yet been investigated in melanoma.
Resistance and combinations of mutationtargeted therapy
Resistance to oncogene-targeted therapy has already been established as an issue in other cancers. In chronic myelogenous leukemia (CML) and GIST, disease progression following chronic administration of abl or c-kittargeted therapy is associated with novel mutations in the primary oncogenic target [40, 41] . In these cases, disease control can be regained by switching to agents that inhibit targeting the mutant isoforms [42] . In epidermal growth factor receptor (EGFR) mutant nonsmall cell lung cancer, tumors that emerge following an initial response to an EGFR tyrosine kinase inhibitor manifest amplification of the CMET receptor allele, which appears to restore survival-promoting signal transduction [43] .
The issues to consider regarding resistance to targeted therapy start with the fundamental issue of adequate target inhibition. With sorafenib, it became clear that adequate BRAF inhibition was not being achieved. It is possible that even the most highly selective BRAF inhibitors will be limited in their impact on V600E BRAF because of the doselimiting toxicities resulting from chronic inhibition of wildtype BRAF or other targets. A strategy that might overcome such limitations is administering high doses of an inhibitor in an intermittent fashion to provide abovethreshold levels of inhibition and greater induction of cell death. There is preclinical evidence suggesting that this approach has merit in CML and EGFR mutant nonsmall cell lung cancer, but has not been thoroughly evaluated clinically in any setting [40, 44] .
None of the genetic changes described above are standalone events in melanoma. Even amongst this set of defined oncogenes and tumor suppressor genes, there is overlap, such as BRAF mutation occurring concomitantly with PTEN loss or CDK4 mutation. As a first consideration, these coexistent genetic changes might mediate resistance to targeted therapies inhibiting any one mutation or upregulated pathway [45] . But these may also provide a map for combinations of targeted therapy, countering the primary and secondary drivers of melanoma [46] . Creating such hierarchies of therapeutic targets within any one cancer is the goal of current laboratory and clinical translational research.
The complexities of evaluating numerous potential combination strategies in relatively small, genetically defined patient subpopulations is onerous. For each signaling pathway and, in some cases, for each particular molecular target, there is diversity with regard to point of intervention and properties of the pharmacologic agents. Taking BRAF as an example, there are broadly cross-reactive and highly selective agents in clinical trials currently. Which of these agents should be incorporated into combination regimens has not been sorted out preclinically. Intuitively, it is reasonable to consider that the most highly selective agents will produce the least toxicity when combined with other targeted therapies, but it is still possible that there might be serendipitous benefit derived from the effects of any given agent against its 'secondary' targets (other than the one that is first being selected for use in melanoma). And, in each pathway, the optimal point of intervention has not been defined. This is the case for BRAF versus MEK inhibition in the MAPK pathway, as well as, PI3K, Akt, or mTor in the PI3K pathway. The number of potential combinations is daunting even considering only these two pathways.
Rationalizing approaches for clinical testing will require unprecedented and coordinated preclinical investigations, bringing to bear the best in-vitro and animal models.
Conclusion
The era of oncogene-directed therapy in melanoma has begun, most convincingly for BRAF and c-kit-targeted agents. These examples alone indicate that melanoma can be susceptible to this strategy to a similar degree as other oncogene-defined cancer subpopulations. But the challenges that remain in realizing maximum clinical benefit are numerous. Nearly half of all melanomas lack a BRAF or KIT mutation, leaving a large fraction of patients without a therapeutic strategy to investigate. In the context of clinical trials, it is already the case that there is a proliferation of agents and trials for those patients whose tumors harbor a BRAF or KIT mutation. Further genetic exploration remains a high priority in melanoma. Optimizing drugs against each target is time-consuming at the chemical and biological level, much less in terms of pharmacodynamic validation in the clinic. And finally, assembling combination regimens that include solid building blocks that are matched to the appropriate subpopulation is a task that will require iterative clinical trials simultaneously evaluating the predictive biomarker and the therapy.
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